ABSTRACT Prefixes, in forms of cyclic-prefixes or zero-padding, have often been viewed as indispensable in underwater acoustic single-carrier transmissions to avoid inter-block interference (IBI) and to formulate circular convolution. However, the prefix introduces overhead and reduces spectral efficiency. This is especially true in fast time-varying channel conditions. Here, we propose a prefix-free scheme to facilitate frequency-domain equalization (FDE) in an underwater acoustic communication system, based on the timereversal processing. In the proposed scheme, three main procedures, block partitioning, IBI cancellation, and prefix reconstruction, precede the FDE operation. The block partitioning at the receiver provides flexibility to support channel equalization in different channel fluctuation rates. The utilized prefix reconstruction scheme requires a strong first arrival to minimize the noise enhancement. Our solution is to use the time-reversal processing, because the resultant equivalent impulse response, also known as the q-function, has a stable and compact peak. To further enhance receiver performance, we incorporate two strategies. One is overlapping partitioning. The other is iterative prefix reconstruction. The proposed schemes have been tested using the field measurements obtained from the Gulf of Mexico in August 2016. Communications over four ranges at the carrier frequency of 85 kHz with a symbol rate of 17 kHz have been demonstrated. The overlapping partitioning and iterative prefix reconstruction strategies have been shown to generate improvements in the receiver performance.
I. INTRODUCTION
The underwater acoustic (UWA) channel is regarded as one of the most challenging environments because of its limited bandwidth, large delay spread, and significant channel fluctuations [1] . Two types of high data-rate techniques have extensively been investigated. One technique is multicarrier transmissions [2] - [6] . A special class of multi-carrier systems is the orthogonal frequency division multiplexing (OFDM) system [4] - [7] , where the closely spaced carriers have a flat frequency response over each sub-band [8] . The other technique is single-carrier transmissions [9] - [13] , where frequency domain equalization (FDE) is applied as a low-complexity solution to address inter-symbol interference (ISI). In this paper, we focus on the development of prefix-free single-carrier FDE in an UWA single-input and multiple-output (SIMO) communication system. Both single carrier FDE and OFDM techniques often use prefixes to formulate circular convolution. The prefixes can be classified into cyclic-prefixes and zero-padding. Both of them are periodically inserted in the transmission sequence. A block-by-block processing is adopted at the receiver, often treating the channel as time-invariant within a block. A zeropadding block can be transformed to the equivalent cyclicprefixing block by an overlap-add operation [14] . In this paper, we reconstruct zero-padding blocks for prefix-free transmissions.
The prefix length, which affects the spectral efficiency, should be set based on the channel characteristics. The delay spread defines the lower limit of the prefix duration. An UWA channel often spreads tens or even hundreds of milliseconds, leading to required long prefixes to avoid the inter-block interference (IBI). At the same time, the rate of channel fluctuations defines the upper limit of the single block duration. The channel coherence time is usually at the order of hundreds of milliseconds in the underwater environment. In block processing schemes, the signal block duration needs to be shorter than the channel coherence time, allowing the channel time-invariance assumption within a block. Therefore, the spectral efficiency loss incurred by the use of prefixes is related to the ratio between the multipath spread and the channel coherence time. If this ratio is small, the prefix imposes minimum impacts on the spectral efficiency. On the contrary, it becomes non-negligible if the ratio is large, which is often the case in the underwater acoustic environment. As well known, the acoustic channel condition varies with time and space in the ocean. In this case, fixed prefix lengths or predefined processing block lengths are not suitable to the dynamic channel conditions.
Reception diversity is often used to enhance signal detection in the underwater acoustic channel. At the receiver, two common methods have been used to harness the reception diversity, including the maximal ratio combining (MRC) [11] and the time reversal (TR) processing [15] - [17] . In the MRC scheme, equalization is performed at each receiving element and outputs are combined. In contrast, the TR processing combines the received signals prior to the equalization, turning the SIMO system into an equivalent single-input single-output (SISO) system. As a consequence, the receiver complexity is reduced. Moreover, the TR processing reduces the time dispersion by shortening the equivalent impulse responses [18] . Short prefixes can then be used for increased spectral efficiency [17] .
In the past decades, single-carrier FDE for underwater environment has been studied in a number of efforts [11] , [13] , [19] - [25] . In [11] , [19] , a single-carrier FDE scheme with a group-wise phase correction method has been proposed. Turbo equalization [13] , [20] , [21] has been put forward to further improve the FDE performance. This turbo receiver iteratively exchanges the extrinsic information from the decoder with the soft decisions of the equalizer. To reduce the computational complexity, block iterative FDE without channel coding [22] , [23] has been proposed. In the iterative FDE processing, the filter coefficients are updated with the correlation factor. Because no soft-output decoder is used, the receiver complexity is much lower than that of turbo FDE. A hybrid time-frequency domain equalization has been investigated [24] , [25] , where a time domain decision feedback equalizer (DFE) follows the FDE.
Prefix-free techniques have been examined in both the UWA environment [13] , [20] , [26] - [28] , and the wireless radio-frequency environment [29] , which is for wireless environment. The block processing receiver generally requires IBI cancellation and prefix reconstruction. In [13] , [20] , [26] , [27] , the iterative IBI cancellation and prefix reconstruction have been proposed for prefix-free FDE. The scheme takes advantage of a priori estimates in every iteration. The algorithm has high computational complexity because of the iterative process. An effective technique is the overlapping FDE scheme [28] , [29] . In a wireless communication system [29] , an adaptive method for adjusting the overlapping rate has been studied, considering the precursor and postcursor interference. It uses the signal-to-interference-plus-noise ratio (SINR) as the metric.
We use an overlapping FDE scheme [28] , referred to as OV-FDE, for comparison with our proposed scheme. In [28] , the transceiver uses zero-padding blocks longer than the channel coherence time. Through the use of an overlapping partitioning scheme, a large block is partitioned into overlapping subblocks. The precursor and postcursor interference can then be avoided. Although prefixes still exist in [28] , the OV-FDE strategy can be extended to the prefix-free transmissions.
In this paper, we propose a prefix-free FDE scheme based on the TR processing. As no prefix is inserted in transmissions, we employ a block-wise equalizer, whose processing block duration can be adjusted at the receiver. Our method is developed based on a simple prefix reconstruction method [30] , which requires a strong first arrival to minimize the noise enhancement. In our receiver, the TR processing is incorporated, since it generates a stable and compact q-function as the equivalent impulse response. Prior to prefix reconstruction, IBI cancellation is conducted to remove the dominant interference from the previous block. For further suppression of the residual IBI and prefix reconstruction errors, two strategies are developed, which are overlapping partitioning and iterative prefix reconstruction.
The contributions of this paper are summarized as follows. First, a prefix-free FDE scheme based on the TR processing is proposed to increase the spectral efficiency for single-carrier transmissions in the UWA environment. Although TR-based DFE (TR-DFE) [10] , [31] , [32] and OFDM (TR-OFDM) [17] , [33] , [34] have been investigated for the UWA channel, TR-based FDE (TR-FDE) schemes have not been examined in detail. We here show an example of TR-FDE receivers. Second, overlapping partitioning and iterative prefix reconstruction are examined to enhance the receiver performance. Both of them further suppress the errors in prefix reconstruction. Third, an at-sea experiment has been carried out to test the effectiveness of the proposed receiver algorithms. Communication packets at four communication ranges have been decoded in the real-world underwater acoustic channel.
The rest of this paper is organized as follows. Section II briefly reviewed the system model and receiver structure for the single-carrier transmission system. The proposed FDE algorithms are detailed in Section III. Section IV presents the experimental results and discussions. Finally, conclusions are given in Section V. In the following sections, bold capital letters represent matrices, while bold lower-case letters represent vectors. Set C denotes the complex set. (·) T and (·) H denote the transpose and Hermitian transpose, respectively. The modulus of a complex number is represented by |·|. The l 2 -norm of a vector is represented by · . A sequence is denoted by {·}. The expectation operation is denoted by E(·). The linear convolution is denoted by * . Matrix F N represents 
II. SYSTEM MODEL
Consider an UWA SIMO communication system with M receivers, as illustrated in Fig. 1 . At the transmitter side, a baseband signal sequence s(n) is modulated onto the passband signal, which is transmitted by a transducer T 0 . After propagation through the ocean environment, the acoustic signal is received by an array of hydrophones
The received signals from the hydrophone array are then transformed to the baseband, through carrier demodulation. Often a preprocessing block follows to perform synchronization or resampling. The core receiver block is used to equalize the channel effects. After the core receiver, the source signal is recovered asŝ(n). Further, an interleaver and an encoder can be applied at the transmitter. Accordingly, a deinterleaver and a decoder can be employed at the receiver to provide enhanced detection performance.
The received signal is often modeled as the convolution between the transmitted signal and channel impulse response. Let N denote the total sample number at each receiver, L denote the channel length, and h m (n, l) (0 n N − 1, and 0 l L − 1) denote the impulse response between the transmitter and the m-th hydrophone. Thus, the received baseband signal at the m-th hydrophone is
where µ m (n) is the ambient noise at the m-th hydrophone. Note that for the notional convenience, symbol spaced signals are used throughout the paper. In FDE receivers, equalization is carried out in a blockby-block manner. The received signal, consisting of the pilot and information segment, is partitioned into (M b + 1) blocks. As shown in Fig. 2 , the signal block may overlap. Each signal block has N b symbols. The adjacent blocks has N ov overlapping symbols. After equalization, the extraction processing is performed. N ov /2 head symbols and N ov /2 tail symbols are discarded in the extraction, as the precursor and postcursor interference lies in the head and tail of each block; an exception happens at the first and last blocks. In block partitioning, the overlapping rate is defined as α = N ov /N b × 100%. When α = 0, it degrades to the non-overlapping case. Besides, the maximum overlapping rate should not exceed 50%. The b-th-block received signal at the m-th hydrophone is thus The received signal in (1) and (2) can be written in the vector forms:
III. PREFIX-FREE TR-FDE
In this section, the core receiver is presented, together with the equalization algorithm. Further enhancements are detailed. The computational complexity of the proposed receiver is also analyzed in comparison with OV-FDE in [28] .
A. CORE RECEIVER STRUCTURE
The core receiver is shown in Fig. 3 . The signal from all hydrophones
. Next, the block data are combined by the TR processing with the channel estimateĤ b , yielding x b . H b is the channel matrix, with the m-th column expressed aŝ
After that, IBI cancellation should be carried out to mitigate the interference from the previous block. Afterward, prefix reconstruction is performed on the IBI canceled signal y b . Finally, the prefix reconstructed signalȳ b is forwarded to next two processing blocks, FDE and extraction & detection. As the partitioning and extraction have been described in Section II and the channel estimation is not our emphasis, we focus on four main procedures: the TR processing, IBI cancellation, prefix reconstruction, and FDE. Details are described in the following subsections.
1) TR PROCESSING
The TR processing is the key procedure in the receiver, as it helps combine the multichannel signals and reconstruct the prefixes. The time-reversed signal is expressed as
whereĥ m,b (l) is the estimated impulse response, q b (κ) is the q-function, or the equivalent impulse response after the TR processing, and µ b (κ) is the filtered noise. q b (κ) and µ b (κ) are respectively defined as
After the TR processing, the equivalent channel delay spread is reduced. The channel length L turns into a smaller value L q in the q-function structure.
2) IBI CANCELLATION
IBI cancellation plays an important role in our algorithm, as it eliminates the interference from the previous block. Its accuracy directly affects the performance of the later prefix reconstruction. The IBI canceled signal in the b-th block is expressed as
wherex b−1 (κ) is the estimated time-reversed signal received in the previous block. Since there may be an overlapped part between the current block and the previous block,x b−1 (κ) should be calculated bŷ
whereŝ b−1 (κ) andq b−1 (κ) are estimates of the transmitted signal and q-function in the (b − 1)-th block.
3) PREFIX RECONSTRUCTION
After IBI cancellation, we reconstruct the zero-padding prefixes. The IBI-canceled signal of the b-th block is
where Q I b is the channel matrix, s b is the transmitted signal, and η I b is the noise term in the b-th block. Their details are shown in (6e). To formulate the circular convolution, the tail part of the IBI-canceled signal should be reconstructed. The ground truth of the tail part is expressed as:
where Q II b is the channel matrix for constructing the tail signal, and η II b is the noise term in the tail part. Their details are also shown in (6e). Concatenating (6a) to (6b), we get
or the equivalent expression: 
The prefix reconstruction algorithm is listed in Algorithm 1, where y l,κ is defined as the l-th (l = 0, 1, · · · , L q −1) path arrival of s b (κ). For the non-causal part of q-function, namelyq b (l), l < 0, we initially regard it as zero. The noise term is omitted for illustration purpose. The entire algorithm can be divided into three steps. First, the initial arrival y 0,0 is directly obtained, together with its multipath counterpart y l,0 . Afterward, from time instant 1 to N b −1, by subtracting all the multipath arrivals of the previous symbols from the κ-th IBIcanceled signal y b (κ), the first arrival of the current symbol, y 0,κ , is carried out. At this stage, y 0,κ is used for calculating the multipath arrivals of the current symbol, namely y l,κ . In the last step, the multipath arrivals at corresponding time instant are summed together and the tail part of the b-th block is reconstructed. 1 For the initial received symbol y 0,0 and its multipath counterpart y l,0 , we have
Algorithm 1 Prefix Reconstruction
2 y 0,1 and y l,1 (l = 1, 2), i.e. the first arrival and multipath arrivals of s b (1), can be calculated sequentially:
In a similar way, y 0,2 and y l,2 (l = 1, 2) are obtained. 3 The tail part y b (3) and y b (4) are reconstructed by simple addition. Althoughq b (0) is in the denominator, it is always the maximum value in {|q b (l)|}. In other words, the noise enhancement can be avoided with the TR processing.
4) FDE
The FDE is based on (N b + L q − 1)-point FFT rather than the conventional N b -point FFT. Applying F N b +L q −1 to both sides of (6d) yieldsȲ
where
They are the frequency-domain expressions of Q b ,s b and η b . Since Q b is a circular matrix, the frequency-domain impulse response Q becomes a diagonal matrix.
Since Q is diagonal, the traditional FDE based on the minimum mean square error (MMSE) criterion can be applied:
where γ is the average SNR, and Z b (k) is the frequencydomain estimate of z b (n). Z b (k) can be converted to timedomain by inverse FFT.
B. FURTHER ENHANCEMENTS
Two techniques are adopted to further improve the receiver performance. One is the overlapping partitioning, where the head and tail parts of one block are contaminated by residual interference. With the extraction operation discarding these parts, the interference is further suppressed. The other technique is the iterative prefix reconstruction, which has two benefits. First, with the detected symbols of the current block used for updating the channel estimates, more accurate channel impulse responses are available. The errors in the channel-estimate-based procedures, including the TR processing, prefix reconstruction and FDE, are thus suppressed. Second, the errors brought by ignoring the non-causal part of q-function can be minimized. In the first iteration, the block tail is reconstructed with the proposed scheme without knowing s b . In the second iteration, with the knowledge of the transmitted signal estimateŝ b , the block tail can be reconstructed by convolution:ŷ 
C. COMPLEXITY OF THE RECEIVER
The detailed complexity comparison between these two receivers is listed in Table 1 . The main computational complexity for OV-FDE and TR-FDE lies in channel estimation, which is O (MN b L) . Another complexity component comes from FFT and inverse FFT for OV-FDE, and from the TR processing for TR-FDE. The convolution operation in the TR processing can be performed by FFT, thus the complexity of the TR processing is reduced to O (MN b logN b ) . The rest receiver procedures cost much less complexity compared to the main procedures. In conventional OV-FDE, the multichannel combining is accomplished by MRC in each block, leading to a computational complexity of O(MN b ) for FDE. In the proposed TR-FDE, the complexity is reduced to O(N b ) because FDE is conducted in single channel. It is a consequence of time-reversal combining. The same is found in FFT and inverse FFT for TR-FDE. Note that in the second iteration, the complexity of prefix reconstruction is reduced to O(N b logL q ) because of the convolution. Overall, the computational complexity of TR-FDE is comparable to that of OV-FDE. In both receivers, iterative processing can be used for performance enhancement. The complexities of both receivers double in that case.
IV. EXPERIMENTAL RESULTS
In this section, we present the results of the field test at the Gulf of Mexico in August 2016. The receiver performance of TR-FDE is compared with that of OV-FDE. We also examine the performance gain from the enhancement schemes, overlapping partitioning and iterative prefix reconstruction, in the TR-FDE receiver. The acoustic source level was about 177 dB re 1µPa at 1m. The R/V Alabama Discovery was anchored at four different ranges, 250, 500, 1000, and 1500 m, away from the moored receiver. During the acoustic transmissions, both the transmitter and the receiver array were stationary.
The quadrature phase shift keying (QPSK) signals at the center frequency of 85 kHz is of interest in the analysis. The symbol rate of the QPSK signals was 17 kHz. In each signal packet, the signal was transmitted over a 21.25-kHz bandwidth for 6.286 s. At each range, three QPSK packets were transmitted. A low-density parity-check (LDPC) code with a rate of 2/3 was used for enhanced bit error correction. Important transmitter parameters can be found in Table 2 .
B. RECEIVER IMPLEMENTATION
The received signals were downsampled to the baseband with a fractionally sampling rate of three. Resampling was not necessary since the average Doppler of a communication packet was minimum. After preprocessing, the data were partitioned into overlapping blocks with a duration of 40 ms. Three overlapping rates of 0, 10%, and 20% were examined. Doppler tracking and correction method described in [10] was used to address instantaneous Doppler. Thresholding least square was adopted to generate sparse channel estimateŝ h m,b (l). Non-significant taps were set as zero. The intensity threshold was set to 15 dB below the peak tap value in each impulse response. The proposed TR-FDE receiver with the enhancement schemes was examined, together with the OV-FDE scheme described in [28] for comparison. The phase correction in all schemes was accomplished by the groupwise method presented in [28] .
All the receivers were implemented in the working mode, i.e., only the pilot block was known to the receiver. It is straightforward to extend the OV-FDE algorithm to an iterative scheme. The non-iterative schemes are denoted as TR-FDE and OV-FDE. The iterative schemes are denoted as TR-FDE-i and OV-FDE-i. We use output SNR, uncoded bit error rate (BER), and coded BER as the performance metrics. Unless otherwise stated, an average output SNR and a BER refer to the corresponding average values among all demodulated packets of four communication ranges. Fig. 6 shows the estimated channel impulse responses and q-functions without thresholding for 250-m and 1500-m communication ranges. Their amplitudes were normalized according to the first channel impulse responses at each range. The arrivals at the 250-m range were identifiable with their travel paths, while those at the 1500-m range were not. Impulse responses at shorter communication ranges led to larger delay spread. That was the consequence of larger grazing angles of acoustic arrivals, which led to increased acoustic path difference. The delay spreads did not exceed 10 ms. Significant components of the q-functions spanned within a duration less than those of the impulse responses, see bottom panels of Figs. 6(a) and (b) . Here, L q = 0.8L was used in the receiver. The rate of channel fluctuations varied at different communication ranges. The channel coherence time T coh is listed in Table 3 . It was defined as the time for the correlation FIGURE 7. BERs of each processing block for the OV-FDE and TR-FDE schemes in one packet at the 500-m range without block overlapping. The average uncoded BERs in this packet were 4.1% and 2.6% for OV-FDE and TR-FDE, respectively. 
C. CHANNEL CHARACTERISTICS
where b 1 and b 2 are the indices of two blocks. The shortest coherence time in our experiment was 44.8 ms at the 250-m range. Therefore, the processing block duration of 40 ms was suitable for the subsequent equalization.
D. PERFORMANCE
The comparison between the OV-FDE and TR-FDE schemes is presented first. For TR-FDE scheme, three out of twelve total packets failed when there was no overlapping between the blocks. In comparison, the OV-FDE scheme had four failed packets. Apart from these failed packets, the TR-FDE scheme had a 0.5-dB gain over the OV-FDE one in terms of average output SNR. Fig. 7 shows the uncoded BER comparison between the non-overlapping OV-FDE and TR-FDE schemes for a packet at the 500-m range. The TR-FDE scheme had a 0.8-dB gain over OV-FDE in the output SNR. The average uncoded BER of the TR-FDE scheme was 35% less than that of OV-FDE. We then evaluated the performance of TR-FDE-i receiver. The OV-FDE-i scheme was used for comparison. When there was no overlapping between the blocks, the TR-FDE-i scheme had all packets demodulated. The OV-FDE and OV-FDE-i schemes had four failed packets and one failed packet, respectively. Apart from the failed packets, the TR-FDE-i scheme had a 2.6-dB gain over the OV-FDE one, in terms of average output SNR over all ranges. The TR-FDE-i scheme still had a 1.3-dB gain over the OV-FDE-i scheme. Fig. 8 shows the uncoded BER comparison between the OV-FDE, OV-FDE-i, and TR-FDE-i schemes for the same packet at the 500-m range. For this packet, the TR-FDE-i scheme had respectively 2.8-dB and 1.3-dB gains over the OV-FDE and OV-FDE-i schemes in the output SNR. The average uncoded BER of the TR-FDE scheme was 80% less than that of OV-FDE, and 70% less than that of OV-FDE-i.
To examine the impact of iterative prefix reconstruction and overlapping partitioning on the TR-FDE scheme, we measured the output SNRs and uncoded BERs of the TR-FDE and TR-FDE-i schemes with different block overlapping rates. Shown in Fig. 9 , for three overlapping rates, the iterative prefix reconstruction led to 2.0-dB gains for TR-FDE in terms of average output SNR. The average uncoded BERs all dropped by half. We also observed that larger overlapping rates led to enhanced receiver performance for both the TR-FDE and the TR-FDE-i algorithms. For the TR-FDE-i scheme with α = 10%, the improvement for average output SNR was 0.7 dB when compared with the non-overlapping case. If α kept growing beyond 10%, the receiver performance was saturated and the improvement was minimum.
We compared the receiver performance between the TR-FDE-i and multichannel DFE algorithms. Our receiver showed advantages in terms of performance and supported data rates over the multichannel DFE algorithm. Our TR-FDE-i receiver, with α = 10%, had a 0.7-dB gain over the multichannel DFE receiver in the average output SNR over all ranges. The multichannel DFE needed to use periodic training symbols, 20% of the total transmission sequence, to prevent from error propagation and to achieve successful equalization. In comparison, our TR-FDE-i receiver did not use any periodical training symbols.
Since an LDPC coding scheme was used in transmissions, we examined the coded performance for the TR-FDEi and OV-FDE-i receivers. The coded TR-FDE-i receiver with non-overlapping blocks produced nine error-free packets. In comparison, the coded OV-FDE-i receiver with nonoverlapping blocks produced only three error-free packets. When the overlapping rate increased to 10%, the coded TR-FDE-i receiver had ten error-free packets. Meanwhile, the coded OV-FDE-i receiver had seven error-free packets. If α grew to 20%, the TR-FDE-i receiver achieved error-free transmissions. The OV-FDE-i receiver still had one packet not error-free.
Performance comparisons between the TR-FDE-i and OV-FDE-i receivers are listed in in Table 4 , where the output SNRs, uncoded BERs, and coded BERs are shown for indi- vidual ranges. With non-overlapping blocks, the TR-FDE-i receiver outperformed the OV-FDE-i receiver by 1.3 dB on average. The average uncoded BER was 50% less than that of the OV-FDE-i receiver. When α = 10%, the TR-FDE-i receiver still outperformed the OV-FDE-i one by 0.6 dB. The average uncoded BER was 40% less than that of OV-FDE-i. When α = 20%, the performance difference was negligible. The reason was the OV-FDE-i receiver needed larger overlapping rates for IBI cancellation, as the individual impulse response was more dispersive than the q-function.
V. CONCLUSION
To improve the spectral efficiency of single-carrier transmissions in UWA communications, we propose an prefix-free FDE scheme based on the TR processing. In this scheme, the TR processing plays two main roles. First, it is used for multichannel combining, which simplifies the subsequent equalization. Second, it helps reconstruct prefixes as the stable and compact peak of q-function meets the requirement of prefix reconstruction, namely a strong first arrival. To achieve further enhancement, overlapping partitioning and iterative prefix reconstruction are adopted. The former serves to suppress the errors in IBI cancellation and prefix reconstruction. The latter uses updated channel estimates for better prefix reconstruction.
The field measurements from the Gulf of Mexico in August 2016 were used to demonstrate the effectiveness of the proposed TR-FDE schemes. The TR-FDE receiver outperformed the OV-FDE one with no block overlapping or an overlapping rate of 10%. The block overlapping strategy generated 0.8-1.1 dB improvements in the average output SNR among four communication ranges. The iterative prefix reconstruction led to an additional 2.0-dB gain in the average output SNR. The TR-FDE-i receiver had clear gains over the OV-FDE one presented in [28] . The TR-FDE-i receiver also had gains over the OV-FDE-i receiver, which was an iterative version of [28] , implemented in this paper, with no block overlapping or an overlapping rate of 10%. Using the TR-FDE-i receiver with an overlapping rate of 20%, error-free transmissions were achieved at a coded data rate of 22.7 kbps for four ranges, from 250 to 1500 m, in the Gulf of Mexico. The uncoded BERs were no higher than 1.6% at a data rate of 34 kbps for the four ranges. 
